Abstract: We present the design and testing of a stochastic analog spatial light modulator designed for compressive imaging applications. This spatial light modulator does not require the external generation or input of the often computationally or memory expensive sampling matrices. We rely on the stochastic nature of multi-particle collisions to provide randomization for the particle location. We demonstrate this concept in an optical imaging system using a singlepixel camera. This design can be applied to imaging or spectroscopic systems in which no analog to optical spatial light modulators currently exist or in non-optical lensless imaging systems.
Introduction
Compressive imaging (CI) is a useful technique for noise reduction in image acquisition [1] , improving signal-tonoise ratio (SNR) [2] , and typically requires fewer samples than classical information science predicts [3] . CI systems require the use of spatial light modulators (SLM) to imprint a spatial mask upon the image being sampled. Typically, these SLMs require externally generated patterns, which are often computationally time consuming to generate and/or memory consuming to store. This issue can be reduced by generating a catalog of appropriate matrices beforehand and uploading to the SLM when needed. We have designed and tested a SLM [4] that creates sampling matrices that fulfill the necessary requirement of incoherence with the image being sampled [5] and requires no deterministic control. Instead, we use a digital camera to capture positions of the absorbing elements at the time of power measurement. Image processing is needed to transform the camera image into the necessary logic (0's and 1's) based matrix for use in an algorithm. This design allows for the application to imaging or characterization of systems which do not have deterministically controllable SLMs.
Methods
Typically, pseudo-random or other sampling matrices are generated via external computer code and imported to the SLM at the time of use. This is can be time and resource consuming. Our design (Fig. 1A [4] ) relies on the complex nature of multi-body collisions within a closed container to randomize the locations of the absorbing particles. We chose particles that would absorb the illuminating light, 780 nm laser light. Initially, we chose small, opaque glass beads. The particles were placed in a transparent container connected to a vibrating electric motor. The container holding the particles was briefly vibrated to randomize the particle positions. After the particles come to rest, an overhead digital camera captured an image of the container and the particle locations. Simultaneous to the image capture, the transmitted light intensity was measured. The container was disturbed, and the process repeated until the number of samples chosen by the user were obtained. After acquiring the full set of samples, the images of the container were processed and a threshold applied to the grayscale image to create a digital sampling matrix similar to that generated for a standard SLM (Figs. 1B and 1C) [4] ). This set of processed images comprise the full sampling matrix, and along with the set of corresponding intensity measurements are sent to a reconstruction algorithm.
Results
Images were generated using the stochastic spatial light modulator (Fig. 2 [4] ). Numerous images were reconstructed to demonstrate the capabilities of this design. The high frequency components necessary for the sharp edges of letters (Fig. 2 left) are captured. This design is robust enough to capture some of the finer structures seen in the ORNL Logo (Fig. 2 center) . The ability to sharply define an edge is seen in the figure of a cross (Fig. 2 right) . Image quality was tested as a function of threshold level and also number of samples. Choosing an appropriate threshold level allows for best matching of the areas of absorption while minimizing scattered light. Increasing the number of samples taken increases the sharpness of the reconstructions. To more rigorously demonstrate this, 2-d Fast Fourier Transforms (FFT) of each image were generated and plotted as a function of frequency. Lower cutoff frequencies for each plot show the reduced resolution. The resolution was also shown to depend on the particle size. A set of reconstructions were performed using the same image but four different sized particles (1.70 mm 2 , 2.97 mm 2 , 4.45 mm 2 , and 11.4 mm 2 ). Increasing particle size decreases the frequency cutoff demonstrating a reduction of resolution.
Conclusion
We have presented the design and testing of a stochastic spatial light modulator. This design relies on the randomness of multi-body particle collisions within a transparent chamber to randomize the particle positions. The location of the absorbing particles is captured by a digital camera. This array is then processed to generate a sampling matrix similar to that used in typical compressive imaging systems. We present a demonstration of the imaging capabilities of this design and characterize the resolution limits of the system by plotting the 2-d FFT for a number of images as a function of frequency. The resolution of the system decreases with decreasing sample numbers and also with increased particle sizes. This design is applicable to imaging systems in which no form of a spatial modulator is available. 
